INTRODUCTION
The size and remoteness of the Cordillera of western Canada has resulted in limited resources for monitoring the region's glaciers. A federal mapping program at 1:50,000 scale commenced in the 1950s, with later mapping by provincial agencies at a scale of 1:20,000 in the 1980s. In both cases, technicians employed photogrammetric methods to extract glacier outlines from black-and-white aerial photos. Canada's contribution to the International Hydrological Decade (1965 Decade ( -1974 included repeat mapping of selected glaciers along an east-west transect across the Cordillera in conjunction with long-term mass balance studies (Østrem 1973 (Østrem , Ommanney 2002a . Peyto Glacier in Banff National Park has the longest and most reliable mass balance record in western Canada (Østrem 2006) .
Most research prior to 1990 mapped changes in glacier extent in western Canada using aerial photos, due both to reduced accessibility to satellite imagery and lower rates of glacier recession concealing noticeable differences (e.g., Luckman et al. 1987) . Gratton et al. (1990) and Sidjak and Wheate (1999) used Landsat TM imagery to characterize Illecillewaet Glacier in Glacier National Park, BC. DeBeer and Sharp (2007) evaluated recent changes in glaciers in southern N) based on comparison of glacier extents from aerial photography of the mid-1950s and Landsat imagery acquired in 2001 . Schiefer et al. (2007 quantified the total change in glacier area and volume in BC by differencing photogrammetric digital elevation models dating to the mid1980s and elevation data from the 2000 Shuttle Radar Topography Mission (SRTM). VanLooy and Forster (2008) focused on changes in five ice-fields in the southern Coast Mountains from 1927 to the first decade of this century.
Glaciers in the Yukon, mostly in Kluane National Park, have attracted considerable attention from glaciologists. A summer field program at Trapridge Glacier has operated continuously from 1969 to 2010 (Clarke 2005) . Studies on Trapridge Glacier have yielded numerous scientific advances that have improved our understanding of ice dynamics and how ice flow is affected by subglacial hydrology. Field studies are continuing in this region with a research program on a small glacier in the Donjek Range (De Paoli and Flowers 2009) . Satellite-based studies of Yukon glaciers are rare, although exceptions include research by Kargel et al. (2005) , Barrand and Sharp (2010) , and Berthier et al. (2010) . Clarke and Holdsworth (2002b) also presented Landsat images of Yukon glaciers and Landsat-derived ice velocities. Melt of glaciers in the St. Elias Mountains is currently one of the major contributors to global sea level rise (Arendt et al. 2002 , Berthier et al. 2010 ).
Recent satellite-based studies, which examined regional changes in glacier volume for western Canada, have also calculated their potential contributions to sea level rise. These include Schiefer et al. (2007) for BC glaciers, Barrand and Sharp (2010) for Yukon glaciers, and Berthier et al. (2010) for Alaskan glaciers, which incorporated bordering areas of BC and the Yukon. Further regional studies have analyzed the role of topography on glacier morphometry and change. Schiefer et al. (2008) explored the relationships between glacier length, area, elevation, and aspect for BC glaciers, while DeBeer and Sharp (2009) focused on topographic influences on changes in small glaciers for a portion of southern BC. The Landsat-based inventory for western Canada by Bolch et al. (2010) included analysis of glacier area change relative to glacier size, elevation, and topographic aspect. (Schiefer et al. 2007 ).
Climate
The Canadian Cordillera is located in the zone of midlatitude westerlies, and thus mean annual precipitation decreases eastward across the region. Annual snowfall is highest in the northern Coast and St. Elias Mountains. Here, precipitation is greatest during the winter months due to the passage of North Pacific cyclones across the coast. Interactions between frontal systems and topography in the southern Coast and Rocky Mountains produce heavy winter precipitation west of the Rockies, while spring and summer precipitation play an important role east of the Continental Divide, with more restricted water resources (Shea et al. 2004 , Barry 2008 , Marshall et al. 2011 ). Local to regional-scale topography, and the larger scale controls mentioned above, affect glacier mass balance in the Canadian Cordillera.
Glacier distribution and characteristics
The distribution of glaciers in the Coast, Rocky, and St. Elias Mountains has been extracted from Landsat Multispectral Scanner (MSS) images by Clarke and Holdsworth (2002a, b) and Ommanney (2002b) . There are approximately 15,000 glaciers in western Canada. Glaciers covered 2.6% of BC (26,700 km 2 ) in 2005 (Bolch et al., 2010) . Schiefer et al. (2008) provide a complete inventory of glaciers in BC, building on earlier glacier inventories and mass balance and glaciation level studies by Østrem (1973) and Ommanney (1980 
SPECIAL TOPICS AND CASE STUDIES
In this section, we describe the use of satellite imagery for detecting and monitoring hazards associated with glacierized terrain and for assessing changes in a glaciovolcanic environment. The four case studies in Section 14.3.1 describe hazards associated with recent glacier retreat caused by climate warming. In Section 14.3.2 we highlight further examples of satellite and field-based image evidence of sustained glacier retreat.
Glacier hazards
14.3.1.1 Outburst flood from Queen Bess Lake, 1997
Queen Bess Lake (51.3 N, 124.5 W), located in the southern Coast Mountains of BC, rapidly drained on August 12, 1997, when its Little Ice Age moraine dam was overtopped and incised by a huge displacement wave ( Fig. 14. 2). The wave was triggered by a large icefall from Diadem Glacier, which clings to the steep rock slope above Queen Bess Lake. The icefall occurred during a warm rainy period when large amounts of water were discharging from the base of Diadem Glacier. More than 6 million m 3 of water escaped from the lake, producing a flood that devastated the valley of the west fork of the Nostetuko River valley below the dam. The overtopping waters also incised the outflow channel across the moraine. The flood had two phases, one related to wave overtopping and a second to breach formation. The floodwaters scoured the full width of the valley, removing mature forest and leaving a sheet deposit of gravelly sediment in their wake. Sediments were deposited both upstream and downstream of channel constrictions and on a large fan at the mouth of the west fork of Nostetuko Valley 9 km from Queen Bess Lake. The flood continued another 100 km downstream to the mouth of Bute Inlet.
The event is significant because it was preconditioned by climate change-climate warming in the 20th century caused Diadem Glacier to retreat to a position where its toe became unstable and then failed, triggering the wave that overtopped and breached the moraine (Kershaw et al. 2005 ).
Outburst floods from Summit Lake
Glacier-dammed Summit Lake (56.2 N, 130.0 W) is located in the northern Coast Mountains near the Alaska-BC boundary ( Fig. 14.3 ). Salmon Glacier impounds the lake approximately 11 km from its terminus. Meltwater issuing from Salmon Glacier flows via Salmon River 23 km south, past the town of Hyder, Alaska, to tidewater at the head of Portland Canal. When full, Summit Lake is 0.45-1.25 km wide, more than 200 m deep at the ice dam, and has a storage capacity of 0.25 km 3 . Until 1961, the lake contained few icebergs and was stable, overflowing to the north into the Bowser River valley. In December 1961, after a lengthy period of thinning and retreat of Salmon Glacier, Summit Lake suddenly drained through a subglacial tunnel in the weakened ice dam. This flood and two others in 1965 and 1967 caused major damage to the road system in the Salmon River valley south of the lake. Since 1965, with a few exceptions, Summit Lake drains to the south each year. These outburst floods (jo¨kulhlaups) in recent years have been smaller and have occurred earlier in the year than floods prior to 1961. Rapid water level fluctuations associated with the annual emptying and refilling of Summit Lake generates large numbers of icebergs, derived from the Salmon Glacier dam; today these icebergs choke the surface of the lake. The present cycle of jo¨kulh-laups is likely to continue either until the glacier readvances or until it retreats to the point that it no longer forms an effective seal (Mathews and Clague 1993) .
Tulsequah Glacier and its lakes
Tulsequah Glacier (58.8 N, 133.8 W), a large valley glacier in northwest BC, dams Tulsequah Lake (Fig. 14.4) . Jo¨kulhlaups have regularly occurred from this lake since the early 20th century. The floods commenced after decades of downwasting and retreat of the glacier (Geertsema and Clague 2005) . Tulsequah Lake formed in the early 1900s when a tributary glacier separated from Tulsequah Glacier, creating an ice-free embayment between the two. The lake's area and volume rapidly increased in the first half of the 20th century, but later, with continued glacier retreat, it decreased in size. The first jo¨kulhlaups from Tulsequah Lake were the largest. Peak and total discharges decreased as the lake became smaller. Today, Tulsequah Lake is small, and it will disappear completely if Tulsequah Glacier retreats any further. A second lake (Lake No Lake), however, has formed and grown in size as Tulsequah Lake has diminished ( Fig. 14.4) . Lake No Lake developed from a subglacial water body in a tributary valley, 7 km upglacier from Tulsequah Lake. Like Tulsequah Lake, Lake No Lake's area and volume initially increased until the 1970s after which jo¨kulhlaups became common. Lake No Lake appears to be following the same evolutionary path as Tulsequah Lake-its volume is now decreasing due to downwasting of Tulsequah Glacier and jo¨kulhlaup frequency and volume are declining. As Tulsequah Glacier continues to shrink in response to climatic Special topics and case studies 337 warming, additional glacier-dammed lakes may form, renewing the cycle of outburst flood activity.
Capricorn Creek landslide, 2010
One of the largest historic landslides in western Canada occurred at Mount Meager in southwest BC on August 6, 2010 (Fig. 14.5) . The instability at the head of Capricorn Creek (50.6 N, 123.5 W) is at least in part related to debuttressing of slopes formerly ice covered. Capricorn Glacier covered the lower part of the slope during the Little Ice Age, but has since downwasted and retreated. Approximately 48 million m 3 of highly fractured Pleistocene volcanic rocks detached from the southwest flank of the mountain.The detached rock mass, which contained much water, rapidly fragmented as it entered the headwaters of Capricorn Creek, a steep tributary of Meager Creek. The landslide transformed into a debris flow that traveled 8 km down Capricorn Creek at an average speed of 60 m/s to Meager Creek. The debris flow dramatically superelevated at bends along this part of its path-locally by more than 250 m. It then entered the valley of Meager (Allen and Smith 2007) . The portion of the lake that is generally free of icebergs is only a few meters deep, but provides access to the site by floatplane (Fig. 14.6e) . Stahl et al. (2008) suggested that future retreat of Bridge Glacier will lead to nearly a 40% reduction in August flow to Bridge River by the year 2050.
Dusty and Lowell Glaciers, Yukon
Two neighboring glaciers, Dusty (60.4 N, 138.4 W) and Lowell (60.3 N, 138.4 W), located in adjacent valleys on the southeastern flank of the St. Elias Mountains, Yukon Territory, behaved differently between 1977 and 2007. Lowell Glacier terminates in a large proglacial lake, whereas the proglacial lake in front of Dusty Glacier is small. Dusty Glacier is the only large glacier in the Yukon that increased in thickness over this 30-year period. In contrast, Lowell Glacier thinned considerably. To illustrate the changes in these two glaciers during the past decade, we examined one Landsat 7 ETMþ (1999) and two ASTER (2003, 2006) images. The Landsat image was orthorectified during the GINA project (http://www.gina.alaska.edu/data/landsatdata). The ASTER images were orthorectified using ground control points (GCPs) collected from the Landsat scene on the ice-free terrain to ensure the best co-registration of the three images. The elevations of these GCPs were extracted from the 1977 Yukon Geomatics DEM derived from map contours. Perspective 3D views were then produced to better visualize glacier area and volume changes (Fig. 14.7) ; a sequence of three images was also created to highlight the changes (Figs. 14.8 and 14. 
REGIONAL GLACIER INVENTORIES AND SYNTHESIS

British Columbia and Alberta
Bolch et al. (2010) area lost was from the larger glaciers and icefields in the St. Elias and Coast Mountains, but the relative percentage of ice loss was greater for smaller glaciers in the Rocky Mountains and the BC interior. The largest percentage losses were experienced by small glaciers on Vancouver Island and by glaciers in the Alberta Rocky Mountains, the most continental of the glaciers in the region.
We also estimated the total volume loss of glacier ice in British Columbia for the period 1985-1999 by differencing the BC provincial DEM and SRTM terrain model. The bias-corrected thinning rate (Schiefer et al. 2007 ) for this period is 0.78 AE 0.19 m/yr, yielding an annual volume loss of 22.48 AE 5.53 km 3 (w.e.). This volume corresponds to 0.67 AE 0.12 mm of sea level rise over the 14-year period. In contrast to glacier area losses, thinning rates do not appear to differ significantly between mountain ranges, with the possible exception of the small glaciers of Vancouver Island, although the uncertainties in the thinning estimates are largely due to reflection brightness in glacier (1965/1970) for selected areas suggests that the rate of ice loss for the period 1985-1999 is approximately double that for the previous two decades (Schiefer et al., 2007) .
We have assembled four complete DEM datasets for BC, although all have associated errors and uncertainties (Fig. 14.12a-d) . The earliest two datasets are produced from federal (1950s-1980s) and provincial ($1985) aerial photos. The federal DEM is derived from digitized map contours and can suffer from a ''terracing effect'' (sudden drops in elevation) on low-gradient surfaces near glacier termini and in upper accumulation areas. The provincial photos were acquired mainly for forested terrain and commonly are saturated in accumulation areas, with low contrast and fewer elevation points collected. The two more recent datasets are produced from spaceborne imagery: the SRTM dataset has a lower spatial resolution (90 m) and a bias with elevation of À12 m/km (Schiefer et al. 2007) , whereas the ASTER GDEM dataset comprises scenes acquired between 2000 and 2008.
Although each dataset includes images acquired over years to as much as decades, some assessments of elevation change and glacier thinning can be made between sets of DEMs. Fig. 14.13 shows glacier thinning from 1967 to 2005 for an area in the northern Coast Mountains that includes Salmon, Berendon, and Frank Mackie Glaciers, near the Alaska-BC boundary. Thinning near the terminus of Salmon Glacier, which can be accessible by road in summer from the towns of Stewart, BC and Hyder, Alaska, exceeds 200 m or 5 m/yr. As the later date (2004) is an approximation based on the ASTER GDEM, exact rates of thinning should be treated with caution. Online Supplement 14.4 includes a sequence of four hillshaded DEMS of this area for 1965, 1982, 1999, and ca. 2004 
Yukon
Our digital inventory of Yukon glaciers (Fig. 14.14) is based on the 1:50,000-scale Canadian National 346 Remote sensing of glaciers in the Canadian Cordillera, western Canada Topographic Database ( ftp://ftp2.cits.rncan.gc.ca/ pub/bndt/50k_shp_en/). Total ice-covered area in the Yukon in 1977 was $12,500 km 2 ; most of this ice is in the St. Elias Mountains, which extend into Alaska and BC. Our inventory does not include glaciers in the McKenzie Mountains in eastern Yukon close to its border with Northwest Territory. Barrand and Sharp (2010) provide a complete glacier area inventory for the Yukon, including the McKenzie Mountains. They document a total reduction in glacier area of 22% between 1958-1960 and 2006-2008. Glacier elevation changes in the Yukon were determined by subtracting a map-derived DEM from a recent satellite-derived DEM. The earlier DEM was generated from the original (1977) map contour lines obtained from Geomatics Yukon (http://www.geomaticsyukon.ca/). Recent satellite DEMs have been generated from SPOT5-HRS stereo images acquired during the SPIRIT IPY project in 2007 (Korona et al. 2009 ). They have an accuracy in glacierized areas of better than AE10 m (Berthier and Toutin 2008) . Unreliable elevations in the satellite DEMs were removed using 348 Remote sensing of glaciers in the Canadian Cordillera, western Canada the score channel provided with the SPIRIT product. SPOT5-HRS DEMs are automatically derived from stereo imagery without ground control points and thus may contain some planimetric and altimetric biases. These biases have been estimated and corrected using ICESat data acquired closest in time to the acquisition date of the satellitederived DEM. The map of ice elevation changes is shown in Fig. 14.15 ; elevation changes as a function of altitude are plotted in Fig. 14.16 .
The mean ice loss for Yukon glaciers between 1977 and 2007 is 5.5 AE 1.7 km 3 /yr (w.e.). The average mass balance for all glaciers in the Yukon over this period was À0.45 m/yr (w.e.). The greatest thinning, up to 120 m, occurred at lower elevations (below 1,200 m asl). Above 1,200 m asl, thinning decreased to about 10-15 m. Most glacier ice in the Yukon lies between 1,000 and 3,000 m asl (Fig.  14.13) .
The pattern of glacier elevation changes in the Yukon (Fig. 14.15) is not as complex as that in Alaska, where there are many surging and tidewater glaciers. Nevertheless, the elevation changes are far from homogeneous. Most low-elevation glacier tongues are shrinking; the exception is Dusty Glacier (Figs. 14.7 and 14.8). The upper reaches of some large glaciers, such as Tweedsmuir and Steele Glaciers, are thickening. It is thus not surpris- ing that Tweedsmuir Glacier started to surge in October 2007, after mass buildup in its accumulation area over the previous 30 years (http:// ak.water. usgs.gov/Projects/Tweedsmuir/; and Chris Larsen, pers. commun., 2009).
We are unable to check our satellite-derived mass balance estimates against field data, due to the general lack of field mass balance programs in the Yukon. Satellite-derived mass balances and field mass balance estimates for two glaciers in Alaska (Gulkana, Wolverine) surveyed by the U.S. Geological Survey, however, are in good agreement (Berthier et al. 2010) . The only other estimate of ice elevation changes in the region was made by researchers at the University of Alaska Fairbanks, who differenced ice surface elevations obtained from recent airborne profiles with elevation contour lines extracted from the same (1977) map series as above (Arendt et al. 2009 ). They calculated a mass balance of about À0.5 m/yr for Kaskawulsh Glacier over the period 1977-2000, which is consistent with, although not independent of, our DEM-derived mass balance estimate.
CONCLUDING REMARKS
These studies illustrate the potential uses of repeat satellite imagery and multitemporal DEMs to monitor recent and ongoing changes in glaciers in western Canada. Spaceborne glacier monitoring also provides insights into other elements of the environment, such as water resources, vegetation change, and geohazards. In areas where summer precipitation is limited, such as the interior of BC and the eastern slopes of the Rocky Mountains, glacier thinning and retreat have reduced water supply to rivers in mid to late summer. Summer streamflow is augmented by glacier melt, providing benefits to urban, industrial, and agricultural users; it also moderates stream temperatures for aquatic organisms (Moore et al. 2009 , Marshall et al. 2011 ). Continuous monitoring is needed to detect any acceleration in the rate at which these glaciers lose area and mass, and only imagery provided by satellite sensors such as Landsat, ASTER, and SPOT-5 can provide the spatial coverage required to detect and monitor glacier changes on a regional scale.
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